Abstract-We report on a diode-pumped passively mode-locked Yb:Lu1.5Y1.5Al5O12 (Yb:LuYAG) laser for the first time to our knowledge. With the mixed crystal of Yb:LuYAG as gain medium, the mode-locked laser generated 2.2 W of average output power with a repetition rate of 83.9 MHz and pulse duration of 2.2 ps at the wavelength of 1030 nm. In order to obtain higher output power, the output from the mode-locked oscillator was further amplified to 8.5 W by two-stage single-pass amplifiers. The high-power picosecond laser is very useful for applications such as pumping of mid-infrared optical parametric oscillators, material micro-processing, and UV light generation, etc.
I. INTRODUCTION
Passively mode-locked picosecond lasers at 1 µm wavelength with high average output powers are desired for materials micro-processing, coherent UV light generation and synchronously pumped optical parametric oscillators (SPOPO's), etc [1] , [2] , [3] , [4] . With high-power picosecond pulses pumping at 1 µm wavelength, ultrashort pulses can be easily extended to mid-infrared spectral region by SPOPO [5] , [6] . In passively mode-locked lasers, Nd 3+ or Yb 3+ ion-doped gain media have been widely investigated and used for generation of high-power picosecond laser pulses [7] , [8] , [9] , [10] , [11] , [12] , [13] , [14] . In general, Yb 3+ ion has a lower intrinsic quantum defect and wider emission spectrum than Nd 3+ ion, so it is easier to emit shorter pulses with higher laser efficiency. Yb 3+ -doped material has been considered to be a very attractive gain media for efficient and high power lasers around 1 µm. In the past decade, many interesting results with high average power have been reported for mode-locking operations based on diode pumped Yb 3+ -doped crystals, such as Yb:YAG [15] , [16] , Yb:KGW [17] and Yb:GSO [13] . Usually direct generation of high-power picosecond laser from oscillators need some special design, such as thin disk laser [18] . In addition, high-average-power picosecond laser can be generated by master oscillator power amplifiers (MOPA), in which picosecond pulses emitted from master oscillator serve as seeding, and then are amplified by one or multiple stage amplifiers. Fuyong The Yb-doped garnet crystals generally possess high thermal conductivity, excellent physical and chemical property, and mature fabrication process, which is a good candidate for high-average-power picosecond lasers. Among Yb 3+ -doped garnet crystals, Yb:YAG and Yb:LuAG have been widely investigated in mode-locked lasers [15] , [16] , [19] . While as their mixed crystal, Yb:Lu 1.5 Y 1.5 Al 5 O 12 (Yb:LuYAG) has never been investigated in mode-locking operation. Since Yb:LuYAG has wider emission linewidth and inherits the superior property of Yb:YAG and Yb:LuAG, it is expected that Yb:LuYAG is a potential gain medium for ultrashort pulse lasers [20] .
In this paper, we experimentally demonstrated a passively mode-locked Yb:LuYAG laser for the first time to our knowledge. With a semiconductor saturable absorber mirror (SESAM) as mode locker, an average output power of 2.2 W has been generated from the mode-locked oscillator. In order to achieve higher average output power, the output from the oscillator was further amplified by two-stage singlepass amplifiers. With the two-stage amplifiers, 8.5 W average output power was finally achieved with pulse duration of 2.2 ps and repetition rate of 83.9 MHz. The built MOPA laser system provides an ideal pumping source for mid-infrared SPOPO.
II. EXPERIMENT SETUP
The experimental setup of the diode-pumped mode-locked Yb:LuYAG laser is shown in Fig. 1 . A commercial fibercoupled laser diode with fiber core diameter of 105 µm, NA of 0.22 and maximum output power of 25 W (FOCUSLIGHT FL-FCMSE55-25-940) was used as the pump source and its emission wavelength was 940 nm. Through the lens F 1 and F 2 , the pump light was imaged into the crystal with waist spot size of 126 µm in diameter. The laser mode at waist spot was calculated to be ∼ 100 µm in diameter based on the ABCD propagation matrix method. The mixed crystal of Yb:LuYAG with 8% Yb-doping has a cross section of 3 × 3 mm 2 and a length of 2.5 mm. In order to remove the generated heat when pumping, the laser crystal was wrapped with indium foil and tightly mounted in a water-cooled copper holder, and the circulating water temperature was sustained at 15
• C. A single SF10 prism was used in the cavity to maintain horizontal polarization of laser beam. M 1 , M 2 and M 3 are all plano-concave mirrors with different radii of curvature (M 1 =-100 mm, M 2 =M 3 =-200 mm) and coated with high reflectivity from 1030 nm to 1090 nm (R> 99.7%). Besides, M 1 was also anti-reflectively coated for pump wavelength (T> 95%). The output coupler had a transmission of 35%.
The semiconductor saturable absorber mirror (BATOP GmbH) with saturation fluence of 90 µJ/cm 2 , modulation depth of 1.2% and relaxation time of 10 ps was employed to initiate and sustain the mode-locking operation. The calculated laser mode size on the SESAM was 61 µm in radium.
The output beam from the oscillator was isolated by an optical isolator (CONOPTICS 700 series) for preventing feedback from the amplifiers. In the amplifiers section, all the optical elements of first-stage amplifier were as same as that of second stage. In order to achieve high gain in the active medium, we used high-brightness single emitter LDs (nLIGHT NL-CN-8.0-940-F-5) instead of the fiber-coupled LDs as the pump source. The pump beams were imaged into the crystal by two lenses with focal lengths of 100 mm and 80 mm, respectively. Two Yb:YAG crystals were used as the active media in the amplifier stages. Considering the reabsorption of Yb:YAG crystal, an optimal crystal length of 3.5 mm was employed with Yb-doping concentration of 10%. 
III. EXPERIMENTAL RESULTS AND DISCUSSION
After carefully aligning the cavity, the stable continuouswave mode locking could be achieved. However, the single pulse tended to break up into synchronous or asynchronous multiple pulses due to over saturation on the SESAM. By increasing output coupling and enlarging the laser mode on the SESAM, the multi-pulse phenomenon was suppressed effectively in the experiment. The stable mode-locked pulse trains were captured by a high speed detector (New Focus, Model: 1611Fs-AC) and displayed by a digital oscillator with 500-MHz bandwidth (Tektronix, DPO3054), as shown in Fig.  2 .
The radio frequency (RF) spectrum of the mode-locked pulses was measured with the RF spectrum analyzer (Agilent E4402B). The mode-locking stability and the pulse repetition rate were confirmed by the radio frequency spectrum shown in Fig. 3 . The fundamental RF frequency was 83.9 MHz with a signal-to-noise ratio of more than 70 dB. The RF spectrum proved clean CW mode-locking operation without any Qswitching instability in the Yb:LuYAG laser. The CW mode locking was very stable and could be sustained for some hours. Even though the mode locking was broken, it could be initiated spontaneously. The autocorrelation trace and spectrum of the mode-locked pulses are shown in Fig. 4 . The mode-locked pulse duration was measured in a noncollinear way with a commercial autocorrelator (APE Pulse Check 50). Assuming a sech 2 profile, the mode-locked pulses had a pulse duration of 2.2 ps. The corresponding mode-locked pulse spectrum had a FWHM of 2 nm centered at 1030 nm, measured by the optical spectrum analyzer (Ocean Optics, USB4000). The output laser beam had a round TEM 00 mode. Figure 5 illustrates the average output power versus absorbed pump power in the CW and CW mode locking regimes for the Yb:LuYAG oscillator. In the CW regime, the SESAM was replaced by a high-reflective mirror in the laser. The maximum CW output power reached 2.4 W with a slope efficiency of 61% and no roll-off appeared in the experiment. When the SESAM was employed, the CW laser switched to mode-locking operation. Beyond 4.2 W of absorbed pump power, CW mode locking could be achieved. The maximum mode-locking average output power reached 2.2 W with a slope efficiency of 59%.
In order to obtain higher average output power while keeping single pulse operation, two-stage power amplifiers were adopted following the oscillator. In each stage amplifier, the seeding laser passed the active medium only once. Figure 6 demonstrates the average output power dependence on incident pump power for the first-stage and second-stage amplifier, respectively. After optical isolator, the remained maximum average power was 2 W. Seeded with this laser power, the first-stage amplifier emitted a maximum average output power of 5.3 W with an incident pump power of 6.5 W, with an optical-optical efficiency as high as 51%. Seeded with 5.3 W of average power, the second-stage amplifier generated a maximum average power of 8.5 W under an incident pump power of 7 W, with an optical-optical efficiency of 46%. In both stage amplifiers, there was no roll-off of output power. The higher average output power was only limited by the available pump power of LDs. After amplification, the pulse duration kept almost constant and the laser beam had a round TEM 00 mode. With the MOPAs, the mode-locked pulses have a pulse energy of 101 nJ and peak power of 46 KW, which will be an ideal ultrashort laser source for mid-infrared OPO pumping, coherent UV light generation, and materials microprocessing, etc. 
IV. CONCLUSION
In conclusion, we have experimentally demonstrated what we believe the first operation of diode-pumped mode-locked Yb:LuYAG laser. The mode-locked laser generated pulses with a pulse duration of 2.2 ps, repetition rate of 83.9 MHz and average output power of 2.2 W. The Yb:LuYAG shows excellent mode-locking performance as active medium of highaverage-power ultrashort pulse lasers. With two-stage singlepass power amplifiers, a maximum average output power of 8.5 W was achieved, with optical-optical efficiency as high as 51% and 46% in the first-stage and second-stage amplifiers, respectively. The research results show that Yb active mediumbased MOPA is an efficient way for realizing the high-averagepower ultrashort pulse generation.
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